In order to investigate the mechanisms of macromolecule synthesis and their regulation in a eucaryotic organism, we have undertaken an investigation of temperature-sensitive mutants in yeast. The isolation of temperature-sensitive mutants of Saccharomyces cerevisiae and their characterization with respect to macromolecule synthesis, morphology, and cell division at the nonpermissive temperature has been described previously.1 Such mutants display a variety of phenotypes, including those consistent with a primary lesion, in one of the following processes: protein synthesis, RNA synthesis, DNA synthesis, cell-wall formation, and cell division. We wish to report biochemical and genetic experiments which indicate that two of the mutants from the protein synthesis class, ts-341 and ts-443, have single, allelic temperature-sensitive (ts-) mutations which result in a thermolabile isoleucyl-tRNA synthetase enzyme.
In order to investigate the mechanisms of macromolecule synthesis and their regulation in a eucaryotic organism, we have undertaken an investigation of temperature-sensitive mutants in yeast. The isolation of temperature-sensitive mutants of Saccharomyces cerevisiae and their characterization with respect to macromolecule synthesis, morphology, and cell division at the nonpermissive temperature has been described previously.1 Such mutants display a variety of phenotypes, including those consistent with a primary lesion, in one of the following processes: protein synthesis, RNA synthesis, DNA synthesis, cell-wall formation, and cell division. We wish to report biochemical and genetic experiments which indicate that two of the mutants from the protein synthesis class, ts-341 and ts-443, have single, allelic temperature-sensitive (ts-) mutations which result in a thermolabile isoleucyl-tRNA synthetase enzyme.
Materials and Methods.-Yeast strains: The following heterothallic, haploid strains of Saccharomyces cerevisiae were used in this investigation: A346A (a gal hi7 trl url ad1 ad2 ly2 tyl), X1069-2D (a ad1 hi4 le2 thr4 me2 tr5 ur,), 1505-3B (a ga3 ga7 hi5 ur3 mewo ly2 lyll), and 2262-2A (a gal his url ad1 le2 lyll). All strains were obtained from the collection of Drs. Roman and Hawthorne at the University of Washington, Seattle, except for strain X1069-2D which was obtained from Dr. Mortimer at the University of California, Berkeley. The mutants ts-341 and ts-443 were derived from strain A364A by mutagenesis with nitrosoguanidine.1
Media: The enriched liquid medium, YM-1, was described previously.1 To score marker segregation, synthetic medium was used containing 6.7 gm/liter yeast nitrogen base without amino acids (Difco), 10 gm/liter glucose, 20 gm/liter agar, and whatever biochemical compounds were needed to supplement auxotrophic requirements.
Chemicals: Adenosine triphosphate (ATP) and cytidine 5'-triphosphate (CTP) were purchased from Sigma Chemical Company. Yeast tRNA was obtained from General Biochemicals Co. Radioactive amino acids were purchased from Schwarz BioResearch, Inc. C'4 amino acids had a specific activity of 50 mc/mmole and a concentration of 1 mM. H3 methionine from Schwarz was adjusted to 125 mc/mmole, 1 mM concentration.
Preparation of aminoacyl-tRNA synthetases: Yeast were grown in medium YM-1 at 230 to a density of 100 Klett units. The cells were harvested by centrifugation, and spheroplast preparations2 were lysed in a 0.01 AM Tris-maleate pH 7.6, 0.0005 M magnesium acetate, 0.02 A3 KCl buffer by homogenization. The extract was centrifuged at 27,000 g for 20 min, and the supernatant was centrifuged at 229,000 g for 70 min. The ribosomal pellet was discarded and the supernatant was dialyzed overnight against a 0.01 M trisacetate pH 7. 6 Genetic techniques: The techniques used for the mating of haploid strains, the isolation and sporulation of the resulting diploids, and the analysis of tetrads by dissection were those described by Hawthorne and Mortimer.5 Since all the ts-mutants are a in mating type, complementation studies between mutant ts-341 and the other ts-mutants were carried out by mating all ts-mutants with a haploid strain carrying the ts-341 mutation, the a allele for mating type, and the proper nutritional markers for prototrophic selection. This ts-341 a strain was prepared by sporulation of a diploid resulting from the mating, ts-341 a X X1069-2D a. Only complete tetrads are reported in the tables.
Results.-The two mutants on which we are reporting in this paper-mutants ts-341 and ts-443-were suspected of having lesions in the protein synthetic machinery due to their rapid cessation of protein synthesis after a shift from 230, the permissive temperature, to 360, the nonpermissive temperature. Both mutants synthesize less than 10 per cent as much protein during a three-hour period at 360 as does the ts+ parent strain, A364A. Complementation studies demonstrated that these two mutants have lesions in the same gene. The haploid mutant ts-341 was mated with 367 other ts-mutants and the resulting diploids were tested for temperature-sensitivity. Only one recessive mutant ts-443 was found not to complement with mutant ts-341. Since these mutants were isolated from different mutagen-treated cultures, they are independent in origin.
Crosses were performed and tetrads dissected in order to test for allelism between mutants ts-341 and ts-443 (Table 1 ). In crosses between the two Only the isoleucyl-tRNA synthetase activity is seen to be strikingly low in the extract from mutant ts-341 as compared to the activity in the extract from A364A. If the preincubation at 350 is omitted, the level of isoleucyl-tRNA synthetase activity is nearly the same in extracts of A364A and ts-341 (see Fig. 1 ).
A study was undertaken of the isoleucyl-tRNA synthetase activity in extracts of the mutants ts-341 and ts-443 and of the parent strain A364A (ts+). The activity of the enzyme was examined at a variety of temperatures (Fig. 1) . The initial rate of formation of isoleucyl-tRNA by extracts of A364A increased with increasing temperature, as might be expected. However, the ultimate amount of isoleucyl-tRNA formed at 400, 450, and 500 is less than that at 350, The low activity of the isoleucyl-tRNA synthetase in extracts of the mutants at high temperature could be due to an instability of the enzyme, the inability of the enzyme to charge tRNA, or to the presence of an inhibitor. Although the latter possibility is rather unlikely since both mutations are recessive, further evidence on this point was sought by assaying mixed extracts at high and low temperature (Table 3) . At all temperatures investigated a mixed extract containing enzyme from both the parent strain, A364A (ts+), and the mutant, ts-341, displays at least the activity expected from the sum of the separate activities. We conclude that an inhibitor is not responsible for the observed inactivity of the mutant extracts at high temperature. Other experiments6 involving a preincubation of the enzyme at 450 followed by assay at 25°indicate that the irreversible thermal inactivation of the enzyme at 450 is not sufficiently rapid to account for the inability of the enzyme to charge tRNA at 45°. It is therefore apparent that the mutant enzyme undergoes a rapid reversible inhibition of activity at 450 as well as a slow, irreversible thermal inactivation. Segregation of enzyme activity at meiosis: The segregation of the gene for isoleucyl-tRNA synthetase activity at meiosis was correlated with the segregation of ts-in order to see if the observed alteration in enzyme activity is closely linked to the mutation which affects growth at 360. The mutant, ts-341, was mated with a ts+ strain, 1505-3B, and the resulting diploid was sporulated. The asci, each containing four haploid spores, were dissected by micromanipulation, and the clone which grew up from each spore was assayed for enzyme activity. In this case, the assays were carried out at 250 and 500 (Table 4) . Extracts from all clones displayed significant isoleucyl-tRNA synthetase activity at 250; however, at 500 the extracts prepared from the ts+ clones are 10-to 20-fold higher in activity than the extracts prepared from the ts-clones. Thus, in all four asci the altered isoleucyl-tRNA synthetase activity segregated in an identical pattern to the gene determining inability to grow at 360. The chance of obtaining an identical segregation pattern in all four asci for two genes that are located on different chromosomes or even far apart on the same chromosome is 1 in 1296. The ts-mutation and the mutation producing an altered isoleucyl-tRNA synthetase enzyme are, therefore, closely linked on the same chromosome. A haploid yeast cell contains at least 14 chromosomes.7
Other nutritional markers segregating in this cross, me-, le-, ty-, segregated independently of the ts-marker. The conclusion appears warranted that mutants ts-341 and ts-443 carry a single temperature-sensitive mutation in a structural gene for the isoleucyl-tRNA synthetase enzyme. Discussion. Aminoacyl-tRNA synthetase mutants of E. coli have been described. 8 9 In these mutants protein synthesis is rapidly inhibited after a shift to the nonpermissive temperature. This behavior provides direct evidence for the role of aminoacyl-tRNA synthetases in protein synthesis in vivo. Furthermore, RNA synthesis is also inhibited, indicating that the presence of a complete complement of amino acids is not sufficient to allow RNA synthesis but that these amino acids must at least be attached to their respective tRNA's. Furthermore, upon in vivo thermal inactivation of the valyl-tRNA synthetase of E. coli, derepression of the valine biosynthetic enzymes is observed.10 Therefore, free valine is apparently not the repressor of this enzyme but the repressor is formed at or beyond the activation of valine onto tRNA.
The mutants of yeast which we have described here allow one to attack these same questions in a eucaryotic organism. The data presented indicate that protein synthesis is rapidly inhibited in this mutant after a shift to the nonpermissive temperature. Thus, the isoleucyl-tRNA synthetase is an obligatory component of the protein synthetic machinery under in vivo conditions in yeast. Furthermore, since a single mutation destroys greater than 99 per cent of the isoleucyl-tRNA synthetase activity (assayed in vitro at 500), it is likely that the haploid yeast cell contains only a single species of this enzyme. The question of the role of amino acid activation in the control of RNA synthesis and in the repression of the isoleucine biosynthetic enzymes will be taken up in another publication. Finally, this mutant allows an approach to a question which is unique to eucaryotic organisms. Recent work by Barnett et al.1" indicates that the mitochondria of Neurospora crassa have aminoacyl-tRNA synthetase enzymes which have different properties from those of the rest of the cytoplasm. The isoleucyl-tRNA synthetase mutants of yeast offer an obvious and unambiguous way of confirming these data in another eucaryotic organism.
Summary. 
